With its noncatalytic domains, DNA-binding regions, and a catalytic core targeting the histone tails, LSD1-CoREST (lysine-specific demethylase 1; REST corepressor) is an ideal model system to study the interplay between DNA binding and histone modification in nucleosome recognition. To this end, we covalently associated LSD1-CoREST to semisynthetic nucleosomal particles. This enabled biochemical and biophysical characterizations of nucleosome binding and structural elucidation by small-angle X-ray scattering, which was extensively validated through binding assays and site-directed mutagenesis of functional interfaces. Our results suggest that LSD1-CoREST functions as an ergonomic clamp that induces the detachment of the H3 histone tail from the nucleosomal DNA to make it available for capture by the enzyme active site. The key notion emerging from these studies is the inherently competitive nature of the binding interactions because nucleosome tails, chromatin modifiers, transcription factors, and DNA represent sites for multiple and often mutually exclusive interactions.
T he mechanisms underlying the recruitment of histone-modifying complexes to specific chromatin regions, nucleosome components, or DNA sequences represent a challenge in the field of chromatin biology (1) (2) (3) . Nucleosome recognition by histone-modifying enzymes is the result of two opposite requirements: binding to the target locus to locally shape and regulate chromatin accessibility and function, and nucleosome release to avoid the formation of a sticky complex bound too tightly to a chromatin region. A key feature is that it is essential to adopt a productive recognition mode so that the histone tails can be captured to undergo the necessary modifications (4, 5) . To investigate these issues in nucleosome recognition, we have studied LSD1-CoREST, a flavin-dependent lysine 4 of histone protein H3 (H3-Lys4) demethylase (known also as KDM1A). This heterodimeric enzyme features several properties that make it an insightful model system for our purposes. First, the unique binding mode of the H3 tail to LSD1 has been largely studied by several biochemical and structural works (6) (7) (8) (9) . These data demonstrated that recognition by the enzyme active site requires a long stretch of 20 N-terminal amino acids and a specific pattern of posttranslational modifications. In addition, LSD1 alone is unable to recognize the nucleosomal substrate and needs the CoREST partner to effectively demethylate the nucleosomal H3 tail (10) (11) (12) . Indeed, LSD1 has a characteristic "tower" domain, which protrudes from the catalytic core and represents the site for binding the C-terminal SANT2 (Swi3, Ada2, N-Cor, and TFIIIB) domain of CoREST corepressor (13) (14) (15) . Furthermore, LSD1 typically acts in concert with histone deacetylases (HDAC 1/2) (9, 12) . The stable and conserved LSD1-CoREST1-HDAC recognizes the nucleosomal substrate and exerts repressive activity through synergistic histone deacetylation and Lys4 demethylation (8, 9, 12) .
In this work, we used biophysics to explore the properties of the single molecular components that build up the network of interactions of the LSD1-CoREST/nucleosome complex. The binding of the enzyme to DNA was investigated by fluorescent assays, mutagenesis, and structural modeling. These experiments were paralleled by the evaluation of the binding affinity of histone peptides to both the LSD1 active site and the nucleosomal DNA. We then combined these results with insights gained from smallangle X-ray scattering (SAXS) and biochemical approaches, based on designed semisynthetic nucleosomal particles, to unravel the structural and molecular mechanism of nucleosome recognition.
Results LSD1-CoREST Binds DNA Unspecifically. Our analysis started from the published observation that the SANT2 domain of CoREST1 binds to DNA (14, 16) . With the goal of defining a biochemical model and the experimental assays for nucleosome recognition by LSD1-CoREST, we initially sought to determine the affinity for DNA and the factors that modulate it. We set up a fluorescence
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1419468112/-/DCSupplemental. polarization binding assay using 21-mer oligonucleotides conjugated with a fluorescent label. One of the sequences contained a mismatch that slightly distorts the double-stranded helix, which was used to probe the effect of alterations in secondary structure. We observed interaction of LSD1-CoREST with the DNA oligos, although its strength is strongly salt-dependent ( Fig. 1 and SI Appendix, Table S1 ). These experiments collectively confirmed that LSD1-CoREST1 is a nonspecific DNA-binding enzyme and that the nature of this interaction is mainly electrostatic.
An Assay for H3 Tail Binding to LSD1-CoREST. We next probed the binding of H3 N-terminal peptides to LSD1-CoREST1. The rationale for these experiments was evaluating peptide binding, using the same methodology employed for studying the interactions with DNA (SI Appendix, Table S2 ). The observed tight affinity (K d of 56 nM) was found to be significantly affected by increasing ionic strength, following the same trend observed for the enzymatic activity (SI Appendix, Fig. S1 ) (8) . As a further check, a competition assay was performed. In this case, unlabeled Lys4-H3 peptide was used to competitively displace the fluorescently labeled peptide, resulting in a concentration-dependent decrease of polarization signal with a calculated K d value of 115 nM (SI Appendix, Fig.  S2A ). The similarity between the K d values measured in the direct and competitive assays proved that the hydrophobic fluorescent label does not alter the binding of the histone tail to the active site pocket, validating our approach.
Measuring the Binding of H3 Tails to Nucleosomes. Having reliable assays in hand to quantitatively evaluate protein-protein and protein-DNA binding, we decided to use the same approaches to probe nucleosome binding to the demethylase. To that aim, native nucleosomes (either extracted from chicken erythrocytes or reconstituted from recombinant proteins) were titrated as competitors of the fluorescent histone-tail. The outcome of the experiment did not show at all the expected result: binding of nucleosomes to LSD1 was expected to outcompete the labeled peptide, resulting in a decreased polarization signal. Instead, we observed a "direct-binding" type of curve (i.e., an increase in the signal), indicating that the fluorescent peptide was associating to the nucleosomal particle (SI Appendix, Fig. S2B ). On this basis, we next directly measured the affinity of free H3 tail peptide for nucleosomes, using both chicken and recombinant particles. The tight affinity observed in both cases (K d ∼2 nM) was found to be strongly affected by either salt concentration or acetylation of Lys residues, consistent with the notion that these interactions mostly involve charged groups (SI Appendix, Table S3 and Fig. S3 ). It has been described in the literature that H3 N-terminal tails specifically mediate inter-and intranucleosome contacts in vitro and in vivo (17, 18) , but to our knowledge, this is the first time such an interaction has been described in quantitative terms.
Design of Semisynthetic Nucleosomes to Generate Covalent LSD1-
CoREST/Nucleosome Complexes. Fluorescence polarization allowed a direct comparison of the binding affinity of histone tails to both nucleosomal DNA and LSD1 active sites but, as previously described, was not suitable to monitor nucleosome/LSD1-CoREST interactions. To address this issue, we resorted to other biophysical methodologies. Surface plasmon resonance produced incomplete and ambiguous results because of the multiplicity and complexity of the mutually binding elements (histone tails, DNA, and LSD1-CoREST). All efforts to copurify the LSD1-CoREST1/nucleosome assembly were unsuccessful, likely because this complex is characterized by fast association and dissociation, leading to separation of the interacting species in diluted conditions. Given these difficulties, we sought to develop a chemical method to stabilize the complex. In 2007, Yang and coworkers published the crystal structure of LSD1-CoREST1 in complex with the 21-amino acid N-terminal tail of H3 covalently bound to the active site (19) . In that work, the peptide was chemically modified on the side chain of Lys4 with a propargylic moiety able to react with the flavin cofactor of LSD1, forming a stable adduct. We decided to take advantage of this work, introducing the propargylic group on the recombinant H3 protein used for nucleosome reconstitution. We created a H3 mutant containing a single Cys residue located in position 4 and installed a propargylic group onto the Cys4 side chain, creating a dimethyl-Lys analog (Fig. 2) (20) . The added moiety did not hamper octamer refolding and nucleosome reconstitution. Most important, both semisynthetic histone H3 and nucleosome turned out to covalently react with FAD cofactor, forming a stable covalent complex with LSD1-CoREST. The covalent adduct formation can be followed by monitoring the changes of the absorbance spectrum in the UV region (SI Appendix, Fig. S4 ). The semisynthetic nucleosomes proved to be a most powerful experimental tool, as described here.
A Chromatography-Based Assay for LSD1-CoREST/Nucleosome Complex Formation. We devised size-exclusion chromatography protocols to achieve, for the first time to our knowledge, the purification of the LSD1-CoREST/nucleosome complex as well as a semiquantitative evaluation of the efficiency of its formation. Fig. 2C and SI Appendix illustrate the logic and outcome of this type of experiments. LSD1-CoREST1 and semisynthetic nucleosomes were incubated for variable times (e.g., 2 h) and subsequently loaded on both preparative and analytical gel filtration columns. The ratio between the UV absorbances was used to quantify the relative protein/DNA content of each of the four elution peaks typically observed in all these experiments. We were able to assign the four peaks as follows: the LSD1-CoREST1/nucleosome complex with 2:1 stoichiometry (i.e., both nucleosomal H3s engage one LSD1 each), the LSD1-CoREST1/nucleosome with 1:1 stoichiometry (i.e., only one nucleosomal H3 engages LSD1), free nucleosomes, and free LSD1-CoREST1, as verified by SDS and native electrophoretic shift assay ( Fig. 2C and SI Appendix, Figs. S4B and S5) . From the analysis of the relative intensities of each peak in the experiments performed with varying sample ratios (SI Appendix, Fig. S6 ), we could make two key observations. First, significant amounts of unreacted nucleosomes are always present. Second, the 2:1 complex represents a small fraction compared with the 1:1 complex, even in the presence of a large excess of LSD1-CoREST1. These findings both suggest that some of the nucleosomal particles are possibly engaged in catalytically nonproductive modes of interaction and dissociate during elution, and demonstrate that the predominant stoichiometry of the LSD1-CoREST1/nucleosome complex is 1:1.
Mapping the Protein Regions Involved in Nucleosome Recognition.
To dissect the structural elements involved in nucleosome substrate recognition, we built a structural model for LSD1-CoREST1 binding to DNA by comparison with the 3D structure of the SANT domain of c-Myb in complex with a short DNA duplex (PDB ID code 1H88) (21) (Fig. 3) . To validate this model and support further structural studies, we mutated CoREST1 at 12 different sites, located on the SANT2 domain as well on other regions of the protein (i.e., the helical linker and the portion of CoREST1 close to the cleft of the LSD1 catalytic core). These experiments revealed that the mutation sites affecting DNA binding are all clustered in the region of the SANT2 domain predicted by the structural model to be directly engaged in DNA recognition (Fig.  1A , red-colored in Fig. 3 and SI Appendix, Table S1 ).
On the basis of these data, we subsequently addressed the question of the role of DNA binding in the actual process of nucleosome recognition and demethylation. Each of the 12 mutants was tested with the chromatographic assay, based on the semisynthetic nucleosomes. As shown in Fig. 4 , mutants featuring weaker DNA binding were proportionally impaired in their ability to productively recognize the nucleosome. Such a correlation demonstrated that nucleosome recognition requires a DNA binding step. This concept is further highlighted by the properties of human CoREST3, a CoREST1 homolog with a lower repressive activity (SI Appendix, Fig. S7 ). LSD1-CoREST3 features both lower affinity for DNA and lower capacity to form the covalent complex with the nucleosome.
Structural Studies with SAXS. To gain insights into the 3D arrangement of LSD1-CoREST1 and the nucleosomal particle within the complex in solution, we performed a series of SAXS measurements. We first characterized each partner separately to assess quality of the samples and to optimize experimental conditions, as described in SI Appendix, Fig. S8 . Next, to determine the mutual arrangement of LSD1-CoREST1 and nucleosome, we took advantage of our ability to produce and purify semisynthetic covalent complexes that are inherently homogeneous, as both partners interact in the productive mode by design (SI Appendix, Fig. S5 ). Covalent complexes between LSD1-CoREST1 and semisynthetic nucleosomes were loaded onto a size exclusion column (Fig. 2C) , and fractions corresponding to the 1:1 and 2:1 complexes were concentrated before SAXS investigation. The scattering patterns are shown in Fig. 5 A and B , and values of the derived structural parameters are listed in SI Appendix, Table S4 . We generated 3D models by systematically superposing the mutagenesis-validated model of LSD1-CoREST1/DNA complex (Fig. 3 ) over all nucleotides of the DNA wrapped around the histone core. The best agreement between the calculated scattering pattern and our experimental data was obtained for the model generated as described in the legend to Fig. 5 A and C (χ 2 = 1.94). Importantly, the tail of one of the two H3 proteins is located adjacent to the active site cleft of LSD1, in a position fully compatible with binding in the conformation observed in the crystal structure of LSD1-CoREST1/H3 tail complex (19, 22) , as shown in Fig. 5C and Movie S1. To illustrate the sensitivity of the SAXS pattern to the mutual arrangement of LSD1/CoREST1 and the nucleosome, we rotated the best fitting model by about 20°with respect to the midplane of the nucleosome. The resulting SAXS pattern exhibits significant differences with the experimental curve (χ 2 value = 7.8), as can be observed in SI Appendix, Fig. S8C . Similarly, an increase in χ 2 free values from 1.88 to 4.55 was observed when applying the χ 2 free analysis presented by Rambo and Tainer (23) to our best model and its rotated version, respectively.
A further validating observation for this model is provided by the properties of the Arg308 and Lys312 mutants. These two residues are not involved in DNA binding (Figs. 3 and 4 and SI Appendix, Table S1 ) and are located at the point where H3 tail ejects from the nucleosome body in the presented structural model (Fig. 5C ). Because of their position, mutations of these residues may result in a diminished ability to capture the entire histone tail, accounting for a reduced efficiency in nucleosome engagement, as observed in our experiments. It is also relevant to notice that the two mutations (P369E, C379D) located at the tip of the tower helices show no effect on nucleosome recognition consistent with their location outside the LSD1-CoREST1/ nucleosome contact regions. In essence, the structural model is fully validated by all 12 investigated mutants.
Finally, starting from the 1:1 complex, a model was built for the 2:1 complex in which a second LSD1-CoREST1 was added by applying the nucleosome twofold symmetry to the first copy (SI Appendix, Fig. S9 ). The calculated scattering pattern of the resulting assembly is in good agreement with the experimental curve (χ 2 = 1.6; Fig. 5B ), providing further support to the structural model derived from the 1:1 scattering curve.
Discussion
A Stick-and-Catch Model for Nucleosome Recognition. Our experimental work consistently outlines a "stick-and-catch" mode of nucleosome recognition and modification (Fig. 6 and Movie S1). The lack of sequence specificity of DNA association enables the SANT2 domain to search for catalytically competent binding modes. Such an explorative DNA search is a theme common to many nucleosome readers (24, 25) . As CoREST scans binding sites along nucleosomal DNA, the histone tails (with specific reference to H3) are displaced from the nucleosome and become available for binding by LSD1 active site. The "displacing" role of DNA binding by CoREST might also apply to tails engaged in internucleosomal interactions or bound to linker DNA. Nonproductive DNA-binding modes are possible that do not trigger H3 tail capture by the active site, and therefore do not form catalytically competent complexes. Consistently, a significant fraction of free nucleosomes was systematically observed in all experiments (Figs. 2C and SI Appendix, Figs. S5 and S6) . The covalent linkage implemented by the semisynthetic nucleosomes restricts the binding positions to only a few "productive" interaction modes, resulting in more homogeneous complexes that favored the 3D structural analysis of the SAXS data. This mechanism can be extended to acetylated nucleosome recognition by the multienzymatic LSD1-CoREST-HDAC complex. The hyperacetylated histone N-termini are naturally detached from (or more weakly retained by) the nucleosome core (SI Appendix, Table S3 and Fig. S10) (26, 27) . In this way, on binding of the LSD1-SANT2 domain to DNA, the histone tail is proximate to the HDAC active site, which removes acetyl groups from lysine residues. As the tail becomes free from acetylations and is already in the core of the enzyme complex, it is poised to visit the LSD1 active site, which functions only on deacetylated substrate (8, 12) . Indeed, binding of the histone tail to nucleosomal DNA Table S1 ). To create the model, LSD1-CoREST SANT2 domain (PDB ID code 2V1D) was superposed to a c-Myb protein (PDB ID code 1H88), the SANT domain of which had been crystallized with a DNA oligo. Table S1 ) for DNA and a qualitative indicator of complex formation with semisynthetic nucleosomes are represented as black and gray bars, respectively. Efficiency of complex formation is defined as the ratio between the heights of the 1:1 complex and free nucleosome elution peaks (Fig. 2C) . The values are expressed as percentage, using as reference (100%) the value observed for the wild-type LSD1-CoREST1. would be disfavored by the steric hindrance posed by the protruding tower domain and associated CoREST. The in vivo relevance of this mechanistic model is supported by several studies. Above all, it is well established that H3 tails interact with DNA in native high-order chromatin, being engaged in intra-and internucleosomal interactions (17, 18) . Moreover, it has been demonstrated that CoREST1 is essential to promoting in vivo histone demethylation by favoring association to the nucleosomal substrate (10) . It is also notable that CoREST3 exhibits a lower repressive capacity compared with that of CoREST1, which correlates with a weaker binding to DNA (Fig. 4 and SI Appendix, Table S1 ) (28) . Of special relevance, a splicing variant of murine CoREST3 lacking the SANT2 domain shows no repressive activity. Its overexpression leads to increased (rather than decreased, as for CoREST1 and full-length CoREST3) Lys4 methylation levels on target genes, supporting the idea that SANT2 is essential for histone demethylation (29) . The weaker binding of LSD1-CoREST to DNA at higher (more physiological) salt concentrations, far from being a shortcoming, is actually an advantageous feature. It prevents a too sticky and unspecific association to chromatin and enables external factors to finely modulate the strength of the interaction. Indeed, DNA binding must be locally enhanced on the specific chromatin domains that have to be targeted by the histone-modifying complexes. Increased binding to DNA can be afforded by local variations in the chromatin environment (e.g., nucleosome packing, local dielectric constant) and by transcription factors that recruit LSD1 complexes to target genes favoring association to DNA. It is also fascinating to observe that just 20 nucleotides of wrapped DNA separate the SANT2-DNA contact point from the site where the H3 tail projects out from the nucleosome body to reach into the LSD1 active site (SI Appendix, Fig. S11) . A similar DNA length is known to be covered by the histone H3 tails lying along the nucleosomal DNA helix (18, 27, 30) . These features highlight the Fig. S14 ) gave the best fit to the SAXS data. The fit was further refined and improved by a small rigid-body search that did not alter the geometry of the SANT2-DNA contact (i.e., a 10°rotation around an axis approximating the axis of the interacting α-helix). The final χ 2 −value was 1.94 (see SI Appendix for experimental and methodological details). The model of the 2:1 covalent complex is shown in SI Appendix, Fig. S9 .
ergonomics and functional significance of the LSD1-CoREST architecture. The length and slight curvature of the tower domain is such that the clamping grip of the enzyme on the nucleosome disk has the proper design to inherently induce the detachment of the histone tail from the nucleosomal DNA.
Our studies reveal the competitive nature of the molecular mechanisms underlying nucleosome recognition and histone tail binding and modification. The central role is played by the noncatalytic domains, and in this regard, the helical tower and associated CoREST are unique features of LSD1, as they are absent in its LSD2 homolog as well as in the histone demethylases of the jumonji family (31) (32) (33) . The variety of the noncatalytic domains and subunits dictates the differential biological functions specifically exerted by each histone-modifying enzyme.
Such diversity, which remains mostly unexplored, underlies different architectures and modes of nucleosome recognition, providing opportunities for innovative "noncatalytic" inhibitors of chromatin-modifying processes.
Materials and Methods
Protein expression, purification, and mutant preparation were performed using standard methods and established protocols, as described in SI Appendix (22, (34) (35) (36) . For the preparation of semisynthetic histones, lyophilized H3 Lys4Cys-Cys110Ala histone was dissolved in 1 M Hepes/NaOH at pH 7.8, 4 M guanidinium chloride, 10 mM L-Met, 10 mM DTT. Alkylation reaction for the installation of dimethyl-Lys analog in position 4 was performed in the same buffer, using a final 50-mM concentration of the 1-methyl-1-(prop-2-ynyl)aziridinium chloride alkylating agent (synthesized as described in SI Appendix), following previously published protocols (20) . The complete installation of the propargylamine analog was confirmed by ESI-ITMS (LCQFleet Thermo Scientific Ion Trap) mass spectrometry (SI Appendix, Fig. S12 ), indicating that 100% H3 molecules were modified. Fluorescence polarization, chromatography-based assays, and SAXS experiments were carried out using established methodologies as detailed in SI Appendix. Fluorescence polarization experiments were performed on PHERAstar FS and CLARIOstar plate readers (BMG Labtech). SAXS data were collected on the Nanostar laboratory instrument (IBBMC), on SWING beamline at the SOLEIL synchrotron, and on BM29 beamline at ESRF synchrotron. Fig. 6 . A stick-and-catch model for nucleosome recognition by LSD1/ CoREST. The SANT2 domain of CoREST associates to nucleosomal DNA. The Lys4-methylated H3 N-terminal tail is thereby displaced from the nucleosomal body and can be captured by the LSD1 active site.
